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Abstract 
The Refill Friction Stir Spot Welding Process is a solid state joining process manufacturing excellent mechanical properties of the joint. The 
aim of this study is to analyse the influence of the tool wear on selected quality criteria such as the lap shear strength and the surface quality of 
the joint as well as the required electric current that is an indicator for the process forces and torques. Based on the result of 22 duration tests 
with 3,500 welding points the sleeve can be identified as the most stressed tool part with a maximum wear of 0.3 mm. The tool wear depends 
on the gap size between the tool parts that are loaded with plasticized work piece material. The volume of the material influences the required 
torque of the main spindle and the tool temperature. At reaching 70 % to 80 % of the maximum tool wear the process temperature rapidly 
increases. Another result is the independence of lap shear strength of the joints on tool wear. But within the duration tests the mechanical 
characteristics were increased (about 7,000 N before and 8,300 N after one duration test in average) by achieving larger temperatures. The 
surface quality is slightly influenced by the tool wear. The height of the surrounding burr that occurs at the boundary of clamping ring and 
sleeve is 0.25 mm for a worn out tool. Furthermore key indicators that were developed in past studies are validated to be useful for a condition 
monitoring approach by showing significant changes for increasing tool wear. 
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1. Introduction 
The Refill Friction Stir Spot Welding (RFSSW) process is 
a solid state joining process that was invented by the GKSS 
research centre in the year of 1999 [1]. It is well suited for 
overlap welding of similar or dissimilar lightweight materials 
like aluminum alloys [2] and magnesium alloys [3,4] having 
good mechanical and technological properties similar to the 
base material. Compared to other joining techniques the 
usability is most advantageous by having no additional surface 
treatment or auxiliary materials. In case of joining 
thermoplastic polymers or thermoplastic polymers to 
aluminum alloys good properties of the welding joint can be 
achieved that exceed the results for conventional joining 
methods like ultrasonic welding, thermal bonding or 
microwave welding [5,6]. The aim of nearly all research is to 
find the best setting parameters for optimal mechanical 
properties of the welding point. 
However, there are only a few studies related to the major 
influence of the tool conditions, such as the effects of 
advancing impurity within the tool and tool wear, on joint 
quality. Therefore, Hameister et.al. demanded a condition 
monitoring of the tool health to reduce the machine down time 
by calculating the remaining life time of the tool set by the 
help of significant key indicators developed out of the process 
data [7,8,9].  
The aim of this paper is to get a closer look on the effects 
of advancing tool wear on the primary quality criteria lap 
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shear strength and surface quality as well as the secondary 
quality criteria tool durability, process temperature and torque 
and force. Furthermore, the developed key indicators from [9] 
are validated for the forecast of the time for cleaning or 
replacing the tool parts.  
 
2. The Refill Friction Stir Spot Welding Process 
The tool set for the RFSSW-process consists of three 
concentric ordered parts: the clamping ring, the sleeve and the 
pin. Sleeve and pin are operated by separate actuators to be 
moved up and down independently. The main spindle turns 
both parts with the same rotational speed and orientation. 
Depending on which part of the tool set is the main plunging 
element the process can be divided into two cycles: the sleeve 
plunge cycle and the pin plunge cycle. The sleeve plunge 
cycle is the most common joining technique for hybrid metal 
structures due to higher mechanical properties [10] and is 
applied in this study. The main process parameters are 
rotational speed, plunging depth and welding time. 
In step 1 (see Fig. 1) the tool set is put on the material with 
a defined clamping force. After this the pin and the sleeve are 
accelerated to their nominal rotational speed. This is followed 
by the plunging phase. Hereby, the sleeve plunges into the 
material and plasticises it (step 2, Fig. 1). At the same time the 
pin is retracted and provides space for the displaced material. 
The way the pin is retracted is calculated by the stroke factor 
that results when comparing the volumes of sleeve plunging 
and pin retracting that has to be equal. After reaching the 
plunge depth the sleeve is retracted and the pin presses the 
material back into the welding point (step 3, Fig. 1). At the 
end sleeve and pin are back at their original positions and the 
tool set is lifted.  
During the process the small gaps between the tool parts 
are continuously filled with plasticized base material of the 
work piece. To reduce the height of contamination into the 
gap the tools are notched at the side to provide space for the 
material. On the one hand, this material operates as a 
protection layer that prevents frictional wear between the tool 
parts. On the other hand, it causes an abrasive tool wear due to 
the relative motion of the friction layers. 
 
 
Fig. 1. Steps of Refill Friction Stir Spot Welding Process (for sleeve plunge 
cycle). 
 
3. Base conditions and methodology 
3.1. Used equipment and material 
The welding points are manufactured by a state of the art 
RFSSW-head and the corresponding tool set with a nominal 
outer diameter of the pin of 6.4 mm and a nominal outer 
diameter of the sleeve of 9.0 mm. Due to a distinctive out-of-
round of pin and sleeve of 0.2 mm the expected tool duration 
is reduced, its effect allow for identifying wear effects of the 
tool starting from approximately a few thousand points. The 
used material is a 6082-T6 aluminum alloy with a thickness of 
2.0 mm. The specimens for surface quality tests and lap shear 
strength are cleaned with acetone before joining. The welded 
plates for the duration tests are welded without pretreatment. 
3.2. Used setting parameters and test plan 
For observing wear effects duration tests were performed. 
For the first 1,000 welding points the number of welding 
points per duration test and batch was set to 70. Due to other 
studies that were simultaneously performed these batches 
were made with different setting parameters. After those tests 
the number of welding points per duration test and batch was 
set to 210 and the main parameters were set to the following: 
rotational speed n = 2,000 1/min; welding time t = 2.40 s and 
plunge depth s = 2.10 mm. This leads to enhance the 
comparability of the recorded process data. In addition to the 
number of welding points per duration test the following 
actions has to be made for each single test:  
x zero level adjustment and initial gap loading: 15 welding 
points (+/- 1) 
x 3 specimens before duration test (for quality criteria tests) 
x 3 specimens after duration test (for quality criteria tests) 
x cleaning the tool set with sodium hydroxide 
The duration tests are performed until the tool set or its 
parts are worn and the quality of the welding points become 
worse. Due to own experiences from previous tests the most 
important evidence of a worn tool set is a high electric current 
for the main spindle that corresponds with a high required 
torque to rotate the sleeve and pin. If the default maximum 
main spindle current is detected the machine tool stops and 
the tool set has to be cleaned.  
3.3. Procedure of testing 
The specimens that are welded before and after the 
duration tests are made to investigate the surface quality and 
the lap shear strength. The surface quality is tested by a 
confocal fluorescence microscope to detect the height of the 
two round burrs that occur at the boundaries of the clamping 
ring and the sleeve as well as the sleeve and the pin. The lap 
shear strength is tested considering DIN 6892 using a ZWICK 
testing machine operating with a distance controlled velocity 
of 2 mm/min.  
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Fig. 2. Cut view of tool parts with places of measurements for tool wear.  
The measured process data are the process temperature, the 
main spindle current and the electric currents for lifting and 
lowering the pin and sleeve to calculate the key indicators [9]. 
The process temperature was measured by a pyrometer that is 
aligned on the bottom of the outer surface of the clamping 
ring (red dot in Fig.2).  
The initial number of welding points the tool set made 
before the duration tests is 235 for each tool part. At the 
beginning of each test the geometry of the tool set is measured 
by a digital sliding gauge. The places of measurement are 
located at the inner diameter of the clamping ring dCRi, the 
outer diameter of the pin dPo and the inner diameter of the 
sleeve dSi. The outer diameter of the sleeve dSo1-3 is measured 
at three different positions as shown in Fig. 2. 
 
4. Results 
As mentioned in chapter 3.2 the used tool set welded 11 
duration tests with different parameter variations until 1284 
welding points (70 points per duration test, test numbers 1-11) 
and further 11 duration tests until 3567 welding points (with 
210 points per duration test, test numbers 12-22). The tests 
with the numbers 19, 20 and 22 did not reach the full 210 
welding points, because the required main spindle current 
exceeded the default maximum current. For those tests the last 
3 welded specimens are missing because welding was no 
longer possible. Test number 22 only reached a number of 86 
welding points. Due to an economic use of the tool with a 
high recommended number of welding points between the 
cleaning processes no further tests were performed. The tests 
with numbers 1 and 11 are welded with the same constant 
setting parameter of tests 12-22. As shown in [9] the key 
indicators are significantly influenced by the setting 
parameters. So the results of tests 2-10 are not used to validate 
them for tool wear. 
 
Fig. 3. Results for tool wear at different locations. 
4.1. Tool wear and temperature conditions 
The tool wear is defined as the deviation from the initial 
measured tool geometry and is given in millimetres. Fig. 3 
shows the tool wear at 5 of 6 positions of the tool set. The 
wear at the sleeve dSo3 was not significant and constant for all 
performed tests. Therefore, it is not considered.  
For the initial 235 welding points, that are not part of the 
duration tests, there is a high initial tool wear. This is caused 
by the out-of-round of the main spindle (compare 
chapter 3.1). The largest tool wear is located at the outer 
surface of the sleeve at the second position (dSo2). The second 
largest wear is located at the lowest point of the outer surface 
of the sleeve (dSo1). The lowest tool wear is shown for the 
inner diameter of the sleeve and the outer diameter of the pin. 
During the welding process the gaps between the tool parts 
are continuously filled with plasticized work piece material. 
The amount of this material is dependent on the tool wear and 
the temperature. With higher wear more material flows into 
the increasing gaps. For test number 12 (the first one with 210 
welding points per duration test) the material that filled the 
gap between clamping ring and sleeve rises to 6.5 mm. In case 
of test number 22 (the last one with only 86 points) the 
material rises 10.0 mm. Furthermore, the increasing volume 
of plasticized material in the gaps boosts the tool temperature. 
Fig. 4 shows rapidly increasing temperatures at 70 – 80 % of 
the measured tool wear at the location of dCri and dSo2. With 
higher temperatures the viscosity of the work piece material 
decreases and flows into the tool more easily to higher 
locations inside the tool set. This effect increases the tool 
wear and temperatures again. 
 
Fig. 4. Tool temperature in dependence of normed tool wear. 
4.2. Influence of the tool wear on the lap shear strength 
The lap shear strength is tested before and after the 
duration tests. Fig. 5 shows the lap shear strength with respect 
to the normed tool wear at location dSo1. No dependency 
between the tool wear and the lap shear strength can be 
identified. There are high lap shear strengths for specimens 
welded with a less worn tool as well as a worn out tool. 
Comparing the specimens welded before and after duration 
tests a mean value of 7,000 N for specimens welded before 
and 8,300 N for specimens welded after duration tests is 
calculated. This difference is caused by the higher process 
temperature during the duration tests. This causes a better 
bonding of the layers of both plates and also a better bonding 
of the welding point to the surrounding base material. But 
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some specimens that were welded after the duration tests 
show a lower or similar shear strength compared to those 
welded before the duration tests. They are defined as outliers 
that are dependent on a zero level drift which will be 
explained in chapter 4.3.1.  
As the tool wear has no direct influence on the lap shear 
strength, the process stability is very high over a changing 
range of the tool geometry. There only have to be a few points 
for initial gap loading and tool heating to reach highest 
mechanical properties. This characteristic is especially 
advantageous for industrial application. 
 
Fig. 5. Lap shear strengths in dependence of normed tool wear at location 
dSo1, test numbers of outliers are given. 
4.3. Influence of the tool wear on the surface quality 
As mentioned in chapter 3.3 the welding point has two 
round burrs that occur at the boundaries of the tool parts. In 
addition to this a notch at the boundary of clamping ring and 
sleeve is detected. Fig. 6 shows a sketch of the cut view of 
one welding point. Within some of the duration tests a 
distinctive zero level drift occurs. The measurement of the 
burr height and the height of the sleeve and pin surface was 
done at specimens welded before and after duration tests. 
 
Fig. 6. Cut view of a welding point and places of measurement 
4.3.1. Zero level drift 
The specimens welded before duration tests show the 
successful done zero level adjustment (see Fig. 7a). But for 
some of the tests the difference in height between the surfaces 
of pin and sleeve got larger within the duration tests. Test 
numbers 8, 10 and 12-16 are showing a significant zero level 
drift (difference of zero level after and before duration tests) 
of over 80 μm. For those tests except number 10 the lap shear 
strengths were only a bit higher or even much lower than for 
the specimens welded before duration tests with a proper zero 
level (see Fig. 7b). So the necessity of a constant zero level 
during the welding process is proved.  
The reasons for a zero level drift and how it can be 
prevented are not clear yet. Despite the same setting 
parameters for the last eleven duration tests the zero level drift 
varies. Even the temperature or the tool wear may not the 
causes for the zero level drift, because both zero level drifts 
for the first tests (low temperatures, low tool wear) and the 
last tests (high temperatures, large tool wear) were low. One 
reason may be the large adhesion forces when the tool set is 
lifted from the work piece at the end of welding. This effect 
will be investigated in further researches. 
 
 
Fig. 7. (a) Difference of pin and sleeve (zero level) for specimens welded 
before and after the duration tests; (b) Difference of lap shear strength (LSS) 
with respect to zero level drift with test numbers of the outliers. 
4.3.2. Height of burrs 
One main advantage of the RFSSW process is a flat 
surface of the welding point. Due to the three concentric 
ordered tool parts there are two burrs that occur (see Fig. 6). 
The height of these burrs is one remarkable criterion for the 
success of the RFSSW and its industrial acceptance. If the 
burrs are small enough, no additional processes are needed to 
flatten the welding point. The user of the process has to 
decide which surface quality is acceptable for his application. 
In case of this analysis the highest position of the burrs were 
taken for measurement. 
 
Fig. 8. Height of burr 1 depending in the welded points. 
Analyzing Fig. 8, the tool wear leads to a higher burr 
height. The gaps between the tool parts get larger and more 
material remains at the surface. With larger tool wear the 
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height of the burr reaches to a range of 0.20 – 0.25 mm which 
can be seen as the maximum value for a worn out tool. The 
large burr of 0.3 mm at the end of the tests is only located at a 
very small region of a single specimen and can be classified 
as an outlier. As Fig. 8 shows, the variance of the burr height 
is high. This relates to including the maximum values of the 
burr height. In case of burr 2 the values are constant around 
0.03 mm and no significant trend is observed. As the height 
ratio between burr 1 and 2 is 8 to 1, burr 2 is not considered as 
a determining quality criterion for surface quality.  
4.3.3. Surrounding notch due to sleeve length reduction 
With an advancing tool wear a notch at the boundary of 
clamping ring and sleeve is detected. Different depths are 
shown in Fig. 9. It occurs due to length reduction of the sleeve 
at the frictional layer. But this is not taking place at the outer 
diameter of the sleeve where a larger length remains. So the 
notch is the result of a changing geometry of the sleeve. In 
case of the performed tests the notch has no influence on the 
lap shear strength, but it may influence other mechanical 
properties. 
 
Fig. 9. Increasing notch of specimens at different welding points. 
4.4. Validating the key indicators for the condition monitoring 
approach 
A previous study suggests 3 key indicators for the tool 
health that are influenced by the setting parameters rotational 
speed, welding time and plunge depth. The indicators are 
determined based on the recorded process data (electric 
currents for main spindle rotation, pin and sleeve motion): the 
mean main spindle current for welding phase consistent of 
plunging and retracting with respect to the nominal maximum 
electric current of the electric motor (mean_MS_2), the 
maximum value of the main spindle current (max_MS) and 
the mean current for the translational motion of the sleeve 
during the plunging phase (mean_SL_1) [9]. The aim of this 
chapter is to validate these key indicators for a condition 
monitoring approach with constant setting parameters. 
4.4.1. Key indicator mean_MS_2 
Indicator mean_MS_2 corresponds with the required torque 
of the main spindle during the welding phase. As shown in 
Fig. 10a, the mean_MS_2 increases with the advancing tool 
wear. A less worn tool (100% = 24 A) can cause a 
mean_MS_2 up to 39 +/- 1 %. If mean_MS_2 reaches up to 
41 % or higher, the tool is worn out and must be cleaned or 
replaced. The standard deviation of mean_MS_2 within each 
duration test shows more significant changes than the absolute 
values as shown in Fig. 10b. The values for a worn out tool 
(about 3.5 %) are twice as high as the values for a less worn 
tool (about 1.75 %). 
The reason for a larger required torque is the greater 
amount of material that fills the gap between the clamping 
ring and the sleeve. The standard deviation increases due to 
having a cleaned tool with less material in the gap at the 
beginning and a highly loaded gap at the end of the tests.  
 
 
Fig. 10. (a) Mean required main spindle current in the welding phase with 
respect to the normed tool wear at location dCRi; (b) standard deviation of the 
mean required main spindle current. 
4.4.2. Key indicator max_MS 
The most significant indicator for a worn out tool is the 
maximum main spindle current (max_MS). Typically, the 
maximum value occurs during the acceleration phase [9]. Due 
to a lower temperature, the plasticity of the material that fills 
the gaps is also very low. A high acceleration of the main 
spindle to its nominal rotational speed increases the current, 
because the resistance to plastify the material increases. As 
shown in Fig. 11, the large amount of material in a worn out 
tool causes a higher main spindle current. The default 
maximum main spindle current of the electric motor is 150 %. 
If this is reached for 0.1 s, the machine stops.  
 
Fig. 11. Maximum required main spindle current with respect to the normed 
tool wear at location dCRi. 
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4.4.3. Key indicator mean_SL_1 
Indicator mean_SL_1 is a measure for the translational 
force of the sleeve motion during the plunging phase. As the 
tool wear advances, mean current mean_SL_1 decreases from 
the default value of 100% = 4 A. The reasons for this are the 
high degree of plasticized material after accelerating the main 
spindle and the high tool temperatures. The sleeve can be 
more easily moved into the work piece with lower resistance 
of the material that fills the gaps and of the work piece 
material. 
 
Fig. 12. Mean required current for translational movement during the 
plunging phase with respect to the normed tool wear at dCRi. 
 
5. Conclusions 
The study shows no dependence of the lap shear strength 
of the welding points on the advancing wear of the tool set. 
The values at the beginning of each duration test are equal 
among one other. After rising the temperature within one 
single duration test, a higher lap shear strength is measured. 
For some tests a drift of the zero level occurs. This effect 
influences the mechanical characteristics in a more significant 
way and must be avoided or adjusted within the duration tests. 
Other surface quality criteria are the height of the burrs at the 
boundaries of clamping ring and sleeve (burr 1) as well as 
sleeve and pin (burr 2). Burr 1 is most significant criterion 
and reaches up to 0.25 mm for a worn out tool. 
The tool wear varies for different locations of the tool set. 
The largest tool wear is observed at the sleeve at a height of 
about 2.0 mm from the bottom surface (dSo2). During the 
plunging and retracting phase with a plunge depth of 2.1 mm 
this area is the most strained one due to its frictional contact 
to the lower area of the clamping ring. The second largest 
wear is observed for the lowest part of the sleeve (dSo1). It can 
be concluded that the wear of the sleeve influences the gaps of 
the tool set most significantly. In addition to this, a small 
reduction of the sleeve length is detected that causes a circular 
notch at the boundary of the sleeve and the clamping ring. 
Therefore, manufacturing costs may be reduced by only 
replacing the sleeve and keeping the clamping ring and the 
pin.  
With increasing tool wear more work piece material is 
pressed into the gaps between the tool parts. This leads to 
larger required torques and forces and higher temperature. 
Hereby, the tool material is softened and this again leads to 
larger tool wear (see Fig. 13). This effect increases rapidly 
after reaching 70 % to 80 % of the measured tool wear. At 
this point the temperature rises from 380°C up to 530°C for a 
maximum worn tool. A tool temperature management system 
could be advantageous for having a lower volume of material 
at lower tool temperatures to reduce tool wear. 
 
Fig. 13. Relationship between the observed effects on tool wear. 
A condition monitoring approach is important for the 
economic aspects to change tools at the right time. The 3 
mentioned indicators from [9] and one additional one 
(standard deviation of mean_MS_2) are validated to be useful 
for this due to showing significant changes depending on the 
tool wear. Whether the tool set has to be cleaned or replaced 
after the tool changing, will be distinguished in further 
studies. 
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